Abstract. CorrPower is a new cross-correlation based algorithm to be used in the LIGO burst analysis. The code looks for excesses of coherent power in multiple interferometers, unifying techniques previously implemented in the LIGO triggered and untriggered burst searches. CorrPower performs three functions: (1) a continuous scan of the data, (2) an r−statistic waveform consistency test on candidates produced by the burst event analysis [1, 2], and (3) a search around the time of external triggers, a natural evolution of the analysis used for the gravitational wave signature of GRB030329 [3, 4, 5] . The paper describes the techniques implemented in the continuous data scan and presents its expected performance on simulated data from two or three ideal detectors with white Gaussian noise.
Introduction
The goal of the burst search in LIGO [2, 6, 7] is to identify un-modeled gravitational wave signatures of short duration (< 1 s). The search is broadband (70-2000 Hz) and does not make assumptions on the waveform or on the source position. For this purpose, the customary methods to extract a weak signal from noise, such as matched filtering to a bank of templates [8, 9, 10, 11, 12] , are unsuitable. The LIGO burst search has so far relied, instead, on the incoherent identification of simultaneous excesses of power or amplitude (in time [13, 14, 15, 16] , Fourier [17, 18] or wavelet [19, 20] domain) in multiple interferometers.
The availability in LIGO of three detectors with similar antenna pattern and spectral noise allows the use of cross-correlation to detect excesses of coherent power in the interferometers. For this purpose, we developed CorrPower, a new code for bursts of gravitational waves which effectively combines the coherent search techniques implemented in the LIGO untriggered [2] and triggered [3] burst analysis. The code has three modes of operation:
(i) linear cross-correlation of data from multiple detectors and generation of event triggers associated with an excess of coherent power. This continuous scan of crosscorrelated data is meant to complement previous burst searches that incoherently combined simultaneous power excesses at the individual detectors. This mode of operation is the focus of this paper.
(ii) r−statistic test on burst candidate events identified by the untriggered analysis pipeline. This is the same post-processing test described in [1, 2] and currently implemented in the LIGO burst analysis as a veto to suppress coincident false alarms.
(iii) externally triggered search similar to that applied to GRB030329. This method, described in [3, 4, 5] , is rather computationally expensive and reserved to instances when we have an external trigger guiding the choice of when and where to point the search.
This paper focuses on the first mode of operation, which constitutes the main novelty of CorrPower. It offers an alternative to the trigger-based coincident burst search adopted by the gravitational-wave bar community (see for instance [21, 22] ) and pursued by the LIGO [2, 6] and LIGO-TAMA [23] analysis. Although more optimal techniques for coherent network burst analysis are under study (see for instance [24, 25, 26, 27] ), CorrPower is designed as a method that is simple, robust against instabilities of actual data and computationally affordable for an immediate implementation in a LIGO real-time burst search. Although the code has been designed around the LIGO interferometers, the potential of extension to a wider network of interferometers is currently under study. This paper is organized as follows: section 2 defines the variables and outlines the principles of the CorrPower search; section 3 shows performances on simulated ideal white Gaussian noise and section 4 lists the challenges presented by the use of real interferometric data.
Search strategy
The ultimate goal for CorrPower is to combine signals from multiple detectors (three in our case), but rather than constructing a synthetic detector through the combination of two or three data series into a single one (see for instance [24, 28, 29, 30, 31] ), the code applies cross-correlation to pairs of detectors and only in a later step computes a combined detection statistic for the complete set of detector pairs. In order to provide a graphical representation of the cross-correlation variables used in CorrPower, we can picture short segments of time series, or N-point data sequences, as vectors in an N-dimensional space. In this representation, the combination of data from a pair of gravitational wave detectors can be thought as the square of the sum of the two data vectors: ( a + b) 2 = || a|| 2 + || b|| 2 + 2 a · b where || a|| 2 and || b|| 2 represent the power in each detector and P coher = a · b is the coherent power component. Current burst search implementations focus on the incoherent combination of statistically significant excesses of || a|| 2 and || b|| 2 ; CorrPower searches instead for statistically significant excesses of P coher = a · b. When thinking of cross-correlation in the data vector interpretation, the size of the integration window used in the cross-correlation corresponds to the dimension N of the data vectors, while a scan of central times for the interval being cross-correlated is simply a translation.
For each pair of detectors i, j and for several integration windows k and central times l we compute the coherent power component P ijkl coher = a ijkl · b ijkl . This quantity is maximized over all possible time lags between the two data vectors, up to the light travel distance between detectors plus the timing resolution.
The cosine of the angle between data vectors (see fig. 1 ) is the quantity used in the r−statistic test. Following the formalism described in [1] , for each detector pair i, j, integration window k and central time l, we use the same data vectors a ijkl and b ijkl in the definition of P ijkl coher to compute C ijkl M , the r−statistic confidence for the correlation of a detector pair, defined as the absolute value of the logarithm (base 10) of the probability that the two data sequences are uncorrelated. This quantity is also maximized over all possible time lags between the two detectors.
Once P 
kl is the average confidence from all detector pairs:
(ii) coherent power. For each (k, l) corrgram pixel, P kl c is the average coherent power from all detector pairs:
(iii) coherent root-sum-square amplitude:
(iv) Normalized Excess Power:
where the mean µ k and the variance σ k are computed, for each integration length, using all central times in the data segment, after outliers are removed according to the Tukey criterion ‡.
The array of integration times k and the overlap of consecutive windows covering the analyzed data segment are parameters of the search.
Corrgram pixels with Γ and N EP above a given threshold enter a post-processing phase, where they are grouped in clusters according to their time coordinate, with the requirement of a minimum temporal separation between consecutive clusters. Such minimum separation is also a parameter of the search; an empirical rule of thumb is to set it equal to the maximum integration window used in the corrgram construction. Each cluster is an event candidate, with N EP , Γ and hrss c equal to the maximum over its pixel components. Events are used in an analysis similar to the incoherent ‡ According to this rule, pixels with coherent power equal to or larger than 1.5 times the interquartile range (IQR) of the distribution are labeled as outliers. The IQR is the separation between the 25 percentile and 75 percentile of the distribution.
search [2, 6, 7] , where MonteCarlo simulations are used to define the detection efficiency for certain waveform classes and the background is estimated through the introduction of an unphysical delay between time series. Detection efficiencies and false alarm probabilities are used to set a final threshold on Γ, while N EP and hrss c are used, respectively, as relative and absolute measure of the events' strength. In the current implementation of the analysis, Γ and N EP are quantities that are thresholded on in order to find event candidates, while hrss c is provided in output as an absolute measure of event amplitude, directly comparable to the hrss (square root of the integrated energy of the event) now customarily used in burst searches by interferometers [2, 33, 23, 34] and by joint interferometer-bar analyses [35] .
Performance on ideal data
We studied the method's performance using white Gaussian noise at 4096 Hz sampling rate, using either 2 or 3 detectors. Gaussian pulses have been added to the white Gaussian noise. Their waveform is:
with τ = 1.0 ms and different values of the peak amplitude h 0 . In the following, the amplitude of the simulated events is expressed as the optimal SNR from matched filtering [10, 36] :
where S(f ) is the single-sided power spectral noise density. For the purposes of this study, which makes use of white Gaussian noise, we chose to compute this quantity in the least sensitive detector. Relevant search parameters in the CorrPower configuration are the 50% overlap between consecutive windows and the ad-hoc choice of integration windows: 20, 40, 100 ms. 20 ms is chosen as the minimum integration windows for which the r−statistic test is statistically meaningful with data sampled at 4 kHz, while 100 ms is sufficiently long to detect the class of short-duration bursts we are interested in (< 1 s). Significant pixels are those with N EP kl > 3 and Γ kl > 3. These thresholds are chosen from first principles: we request the coherent power to be in excess of 3σ from the mean and the probability that the signals from the detector pairs are uncorrelated to be smaller than 10 −3 . The minimum separation between events, in the clustering procedure, is equal to 100 ms, the maximum integration window used in this analysis.
Figures 2 and 3 display results obtained by simulating two ideal detectors with white Gaussian noise and the same sensitivity. Gaussian waveforms with τ = 1.0 ms and ρ = 10 have been added to the noise every 20 sec. Figure 2 shows the values of Γ and N EP versus time for the three analyzed integration windows, while figure 3 shows the corrgrams of Γ and N EP , zoomed into the first simulated signal at t=20 sec.
All corrgram pixels with content Γ > 3 or N EP > 3 are used in the event definition. One can see from figure 2 that these thresholds allow a non-negligible number of noise pixels to enter the second stage of the analysis, but Γ 0 , the final threshold on Γ, is what ultimately suppresses false alarms. By choice of the analysis procedure, the actual tuning consists of selecting a Γ 0 value that compromises between the false alarm rate and the detection efficiency for given classes of waveforms.
Figures 4 and 5 refer to the case in which a third identical detector is included in the analysis. The comparison with the two-detector case in figures 2 and 3 shows a noticeable suppression of the number of noise pixels above threshold. From figure 4 it is also evident that Γ is less sensitive than N EP to the choice of integration window.
The Receiver Operating Characteristic (ROC) curves [37] are the tool intended for use in setting a final threshold on Γ. For each allowed false alarm probability, the ROC curves provide the detection efficiency of signals of given amplitude. Examples are provided in figures 6 and 7. Figure 6 shows ROC curves for the two-detector case, first with identical sensitivity and then with one detector three times more sensitive than the other. On the horizontal axis is the false alarm probability for a 4096 Hz sampling rate, while on the vertical axis is the detection efficiency. Γ 0 , the threshold on Γ, is the parameter that sets the position on the curves, which are computed for a range of signal to noise values. The SNR is computed according to the formula in eq. 6, using the noise of the least sensitive detector. Figure 7 shows the ROC curves for 3 identical detectors at 4096Hz sampling rate. In addition, the figure explicitly shows the false alarm probability and the detection probability as function of Γ 0 .
The challenges of real interferometric data
CorrPower is currently being utilized on real LIGO interferometric data. There are significant challenges associated to the usage of actual data rather than white Gaussian noise, but they can all be effectively addressed in CorrPower.
(i) The noise spectrum is colored. This can be addressed with proper data conditioning.
In particular, we found that the linear-predictor error filter [20] is very effective at whitening real LIGO data.
(ii) The data exhibits non-stationary lines. Known stationary lines, such as 60 Hz harmonics, calibration lines and violin modes in the suspensions, can be notched out. Additionally, the linear-predictor error filter applied to minute-long data segments, as in the currently implemented CorrPower search, satisfactorily removes lines that are stationary on the minute-scale. False events due to highly nonstationary lines can be vetoed by a post-processing rerun of the r−statistic test over second-long scales.
(iii) Broadband instrumental transients in non co-located detectors can produce accidental triggers in CorrPower. The rate of such instances depends on the quality of the data, which in LIGO has changed from science run to science run. This is a random effect and it appears with the same probability in time-lagged background measurements as in the zero-lag coincidence search. Background studies can thus be used to set a Γ 0 threshold that contains the false alarm rate within the desired levels.
(iv) Environmental correlations, such as acoustic coupling, affect the false rate in the two Hanford detectors. An environmental veto can be implemented to suppress these instances.
(v) Differences in the antenna patterns for non co-located detectors can affect the detection efficiency of signals with different waveforms on different polarizations. However, simulations of the LIGO Hanford-Livingston detector combination show that the effect is not worse than in the incoherent search. Studies are in progress to quantify this effect when more detectors (GEO, TAMA, VIRGO) are added to the network.
Tests of CorrPower on LIGO data are currently under way; preliminary results suggest a CorrPower analysis pipeline will be an effective complement to other methods currently in use.
Conclusions
CorrPower is a new simple yet powerful search code, recently implemented in the LIGO search for gravitational wave bursts. Its uniqueness lies in the coherent use of multiple data streams. CorrPower efficiently unifies the cross-correlation based approaches which have proved useful in previous LIGO analysis [1, 3] . Tests on simulated data indicate that the CorrPower analysis pipeline performs well, with low false alarm probabilities and respectable detection sensitivity for the target waveform class, although only the implementation on real interferometric data will accurately determine the false alarm probability and the pipeline performance. false alarm probability corresponds to 1 event/year. The test signal is a Gaussian pulse with τ = 1.0 ms (eq. 5). (b) False alarm probability versus Γ 0 , the threshold on Γ. The false alarm probability is rapidly decreasing with Γ 0 and the available simulated data (1.2 × 10 6 s) is adequate to measure the false alarm probability down to ∼ 10 −9
(Γ 0 ∼ = 3.5). We used an exponential decay model, indicated by the dashed line, to extrapolate the results to larger values of Γ 0 in order to construct the ROC curves in (a). (c) Detection probability versus Γ 0 . The simulations (5000 events for each amplitude) were adequate to provide predictions to construct the ROC curves in (a).
